Ewing sarcoma/primitive neuroectodermal tumor (EWS/PNET) is a diagnostically challenging malignant round cell tumor with signature translocations involving the EWS gene. These translocations are detectable with both reverse transcriptase-polymerase chain reaction (RT-PCR) and fluorescence in situ hybridization (FISH) in formalin-fixed paraffin-embedded tissue. However, RT-PCR is less sensitive in formalin-fixed paraffinembedded than frozen tissue. Similarly, commercial FISH probes have recently become available, but have yet to be rigorously tested in the clinical setting. Therefore, we have compared RT-PCR with FISH using 'home brew' fusion probes for Ewing sarcoma (EWS)-FLI1 and a commercial EWS break apart probe set in 67 archival round cell tumors, including 27 EWS/PNETs. Sensitivities and specificities for both FISH assays were 91 and 100%, respectively, whereas RT-PCR had a sensitivity of 54% and a specificity of 85%. The break apart strategy was easier to interpret than probe fusion approach. We conclude that FISH is a more sensitive and reliable ancillary technique than RT-PCR for the diagnosis of EWS/PNET in formalin-fixed paraffin-embedded tissue, although the latter provides additional information regarding fusion transcript subtype and prognosis. The commercial break apart probe set is both readily available and easy to interpret, making it particularly attractive. Nonetheless, complex round cell tumors often benefit from molecular testing with multiple methods.
Ewing sarcoma/peripheral primitive neuroectodermal tumor (EWS/PNET) is the prototype within the category of EWS family tumors. 1 The relationship between these tumor types has been studied extensively using immunohistochemical, genetic, and ultrastructural techniques leading to our current understanding of EWS/PNET as a highly cellular and monotonous primitive appearing neoplasm with a limited potential for neuronal differentiation, typically arising in the bone or soft tissue of individuals in the first few decades of life. 2 The EWS/PNET has overlapping morphologic features with other round cell tumors of childhood and adolescence. For prognosis and appropriate management, it is important to differentiate EWS/PNET from classic neuroblastoma, Wilms tumor, and rhabdomyosarcoma in particular. We have also come to recognize the fact that there exists a category of undifferentiated malignant round cell tumor, often designated as 'undifferentiated round cell sarcoma', which fails current diagnostic strategies for a more definitive classification. Recent developments in molecular pathology have greatly enhanced our ability to classify round cell tumors and in the case of EWS/PNET, most tumors have a balanced translocation involving chromosomes 11 and 22, which fuse portions of the EWS gene on 22q12 with the FLI1 gene on 11q24, thus creating a novel fusion gene with oncogenic properties. [3] [4] [5] [6] [7] [8] A number of variant translocations have been described as well, most of which result in fusions between EWS and other members of the ETS family of transcriptional regulators, such as ERG on 21q22, ETV1 on 7p22, E1AF on 17q12, and FEV on 2q33. Rare cases harboring FUS-ERG fusion transcripts have also been reported. 9 These translocations help distinguish EWS/PNET from other round cell tumors and are therefore, diagnostically useful. Reverse transcription polymerase chain reaction (RT-PCR) has been used most commonly to identify the precise fusion transcripts and the specific chromosomal breakpoints involved in the translocation. [10] [11] [12] In the setting of diagnostic surgical pathology, however, particularly with small biopsies and outside consultation cases, fresh frozen tissue is often not available. Whereas both RT-PCR and fluorescence in situ hybridization (FISH) have been successfully applied to routine formalin-fixed paraffin-embedded specimens, the former may have limited utility because of poor ribonucleic acid (RNA) quality, which is associated with diminished sensitivity when compared with frozen tissue. Similarly, both break apart deoxyribonucleic acid (DNA) probes flanking the EWS breakpoint region on 22q12 and EWS-FLI1 fusion probes have been previously utilized for FISH analysis to detect the presence of the translocation, but they have predominantly been applied to fresh frozen or cytologic material. [13] [14] [15] [16] [17] [18] Recently, a FISH break apart probe set has become commercially available, although it has yet to be rigorously tested in formalin-fixed paraffinembedded specimens in the clinical setting. In the current study, we compared the diagnostic utility of FISH fusion strategy with 'home brew' probes, FISH break apart strategy with commercial probes, and RT-PCR on a series of round cell tumors, including EWS/PNET, alveolar rhabdomyosarcoma, neuroblastoma, small cell carcinoma, and undifferentiated round cell sarcoma, not otherwise specified.
Materials and methods

Tumor Cohort
With local Institutional Review Board (IRB) approval, archival blocks or unstained sections from consult cases from 67 consecutive nonhematopoietic round cell tumors biopsied or resected from May 1998 to August 2004 were reviewed and retrieved for further study from the surgical files of the Lauren V. Ackerman Laboratory of Surgical Pathology, Barnes-Jewish and St Louis Children's Hospitals, Washington University Medical Center. The study set consisted of 27 EWS/PNETs, 11 undifferentiated round cell sarcomas, 10 small cell carcinomas, eight neuroblastomas, seven alveolar rhabdomyosarcomas, two fibrosarcomas in infants with cellular round cell foci, and one malignant teratoma with a PNET-like component. In most cases, the final diagnosis was established on the basis of clinicopathologic and immunohistochemical features alone, and for the purposes of this study, the histopathologic diagnosis was utilized as the diagnostic gold standard. Therefore, primitive round cell tumors whose histologic and immunohistochemical features were not diagnostic for any single established entity were assigned to the undifferentiated round cell sarcoma category, so that determinations of testing sensitivities and specificities would not be skewed by these more ambiguous or indeterminate cases. In other words, tumors with specific diagnoses were histopathologically classic examples, whereas nonclassic cases were assigned to the undifferentiated round cell sarcoma category. In addition to routine histology and immunohistochemistry, 30 tumors (45%) had been previously studied with ancillary molecular diagnostic techniques, predominantly RT-PCR. This was particularly common for outside consults and the undifferentiated round cell sarcoma category.
Fluorescence In Situ Hybridization
The FISH assay was performed as previously reported. 19 Sections from representative blocks were cut onto positively charged slides at 5 mm thickness. Deparaffinization of the sections was carried out with two 10-min immersions in Citrisolv, followed by three 3-min immersions in isopropanol. The slides were next rinsed in running water for 5 min, followed by distilled water for 3 min. Antigen retrieval was achieved by immersing the slides in citrate buffer (pH 6.0) within a plastic Coplin jar, which was steamed a total of 20 min, then slowly cooled to room temperature. The slides were then rinsed in running water for 5 min, followed by distilled water for 3 min. The sections were subjected to 0.4% pepsin (P-7012, Sigma-Aldrich, St Louis, MO, USA) digestion for 15 min at 371C, and then were placed in 2 Â standard saline citrate (SSC) on a rotator for 5 min. Slides were then airdried. For the FISH break apart strategy, the commercial EWSR1 dual color break apart set was utilized (Vysis Inc., Downers Grove, IL, USA). It combines a 500 kb Spectrum Orange-labeled probe on the centromeric side of the 7 kb EWSR1 breakpoint region between exons 7 and 10 of the EWS gene with an 1100 kb Spectrum Green-labeled probe localizing just telomeric to this breakpoint region (http://www.vysis.com). For the FISH fusion approach, a paired set of 'home brew' rhodaminelabeled EWS and fluoroisothiocyanate (FITC)-labeled FLI-1 were utilized (gift from Dr Paul Meltzer). 20 Each set of paired probes were diluted from stock with tDenHybTM hybridization buffer (Insitus Biotechnologies, Albuquerque, NM, USA) to a 1:25 working concentration, with 10 ml dispensed per slide. Codenaturation was achieved by placing slides upon the metal surface of a light-shielded slide moat (Boekel scientific slide moat, model 240000) preheated to 901C for 13 min. Slides were hybridized overnight in a 371C humidified chamber. The next day, slides were washed in 50% formamide/1 Â SSC solution, followed by two washes of SSC for 2 min each. Slides were removed and allowed to air dry. 4 0 ,6-Diamidino-2-phenylindole (DAPI) (10 ml) in Fluorgard (Insitus) was applied to each of the slides, which were then coverslipped. Green and red fluorescent signals were enumerated in regions of cellular tumor under an Olympus BX60 fluorescence microscope with appropriate filters (Olympus, Melville, NY, USA).
For each hybridization, a minimum of 100 nonoverlapping nuclei were assessed for the presence of fused and/or split green and red signals. In most cases, two or three of the authors (RSB, VR, AP) each enumerated the hybridizations yielding cumulative counts of 200-300 cells. However, the minimum number of 100 cells assessed per case was arbitrarily chosen, since there are currently no universally accepted consensus criteria published. Prior investigators have utilized counts ranging from 20 to 200 cell enumerations. [13] [14] [15] [16] [17] [18] 20 For the FISH fusion approach, a positive interpretation was defined as 430% nuclei with fused signals (yellow signals or paired red and green signals o1 signal diameter from one another). For the FISH break apart approach, 415% had to have split signals (41 signal diameter apart) for a positive result. These cutoffs were based on counts in non-neoplastic controls (mean þ 3 s.d.). Hybridizations where signals were either lacking or too weak to be interpreted were repeated using higher probe concentrations. Those still uninterpretable were considered 'noninformative'. FISH images were captured using a black and white, high-resolution COHU charge coupled device (CCD) camera, Z-stack motor and CytoVisiont basic workstation (Applied Imaging, Santa Clara, CA, USA), with sequential DAPI (one level), FITC (10 levels), and rhodamine (10 levels) filter settings. The resulting images were reconstituted with blue, green, and red pseudocolors using CytoVisiont software.
Reverse Transcription-Polymerase Chain Reaction
The RT-PCR assay was performed as previously published. 21 RNA extraction: Four 10 mm sections of tumor grossly dissected from the block based on control H&E-stained sections to include mainly areas of viable tumor were deparaffinized using xylene and ethanol washes, and digested in buffer (Tris pH 7.5, 20 mM ethylenediaminetetraacetic acid (EDTA), 1% sodium dodecyl sulfate (SDS)) containing 25 mg proteinase K. Total RNA was then extracted from tumor tissue using a modified guanidine isothiocyanate method employing Trizol (Gibco/BRL, Gaithersburg, MD, USA) and treated with DNAse I prior to reverse transcription.
RT-PCR: RNA samples were reverse transcribed using Mulv reverse transcriptase and the Gene Amp RNA-PCR kit (Perkin-Elmer, Foster City, CA, USA), and nested PCR was performed for EWS-FLI1, EWS-ERG, EWS-ETV1, EWS-E1AF, EWS-FEV, EWS-ERG, and EWS-WT1 using published primers. 21, 22 The amplified EWS-FLI1 fusion products were visualized by ethidium bromide staining after separation by 2% agarose gel electrophoresis. In each experiment, RNA from the EWS/PNET cell line SK-ES expressing a type 2 EWS-FLI1 transcript 21 was assayed in parallel as the positive control for EWS-FLI1, -ERG, or -FEV transcripts, and the 3T3/ETV1 cell line expressing a recombinant EWS-ETV1 fusion 23 was assayed in parallel as the positive control for EWS-E1AF and -ETV1 fusion transcripts. A no input DNA (reagent only) sample and a sham reverse transcriptase-treated (no RT) sample from each case were also assayed in parallel as negative controls. To verify the presence of intact RNA and amplifiable cDNA, each reverse transcriptase reaction product was also assayed with primers for the housekeeping gene b2-microglobulin.
DNA sequencing: The PCR products were cloned into vector pCR2.1 using the TA Cloning kit (Invitrogen, Carlsbad, CA, USA), then sequenced using the Taq dideoxy terminator cycle sequencing kit (Applied Biosystems Inc., Foster City, CA, USA) and a fluorescent DNA sequencer (373A, Applied Biosystems Inc.). DNA sequence analysis was facilitated by basic local alignment search tool sequence similarity searches using the National Center for Biotechnology Information database (www.ncbi.nlm.nih.gov/BLAST/).
Determinations of Test Performance
Sensitivities, specificities, positive predictive values, and negative predictive values were calculated using the final pathologic diagnosis as the gold standard and defined as follows: sensitivity ¼ true positives/(true positives plus false negatives); specificity ¼ true negatives/(true negatives plus false positives); positive predictive value ¼ true positives/ (true positives plus false positives); negative predictive value ¼ true negatives/(true negatives plus false negatives). Noninformative, nontested, and undifferentiated round cell sarcoma cases were excluded from these determinations (eg sensitivity of 91% for 20 of 22 informative EWS/PNET cases with a positive result). Cases of EWS/PNET that were negative for an EWS-containing rearrangement by FISH fusion, FISH break apart, or RT-PCR were false negatives, whereas those with a positive result, but a nonEWS/PNET diagnosis were considered false positives. Cases that were positive by one molecular technique and negative by another were considered discordant for the two methods being compared. If both were negative or both were positive, they were considered concordant. Cases with missing data (eg noninformative results) were excluded from determinations of concordance.
Results
The sensitivities, specificities, positive predictive values, and negative predictive values for each of the three testing methods (FISH break apart, FISH fusion, and RT-PCR) are summarized in Table 1 .
Examples of FISH-positive and -negative results are illustrated in Figure 1 . Noninformative cases ranged from 12 to 16% depending on the method utilized. Eight cases examined by FISH break apart and 10 cases by FISH fusion were considered noninformative due to either weak signals or insufficient tissue. Of the 22 informative EWS/PNETs, 20 cases (91%) were positive by FISH break apart, FISH fusion, or both. The results were concordant in all 17 cases where both were interpretable (Table 1) . Of the two cases of EWS/PNET that were negative by FISH, one was positive by RT-PCR and the other was negative. None of the other tumor types was positive using either set of FISH probes. For cases that were positive using break apart FISH probes, there was on average 79% cells with split signals (range: 36-96%), whereas negative cases averaged 5% (range: 0-14%). For the FISH fusion method, fused signals were seen in a mean of 70% (range: 31-89%) in positive and 10% (range: 1-23%) in negative cases. Qualitatively, FISH signals were brighter and larger with the FISH break apart than with the FISH fusion technique. 
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RT-PCR analysis was performed on 43 cases with RNA extracted from formalin-fixed paraffin-embedded blocks (Table 1) . Representative results are depicted in Figure 2 . Seven cases were noninformative due to a lack of amplifiable RNA. An EWS-FLI1 fusion transcript was identified in nine cases: seven EWS/PNETs, one undifferentiated round cell sarcoma, and one fibrosarcoma with focal round cell elements. An EWS-WT1 fusion was found in two undifferentiated round cell sarcomas. RT-PCR was negative in 12 EWS/PNETs, of which nine were positive by FISH analysis. RT-PCR was concordant with FISH results in 67% of cases. As previously noted, the most common discordance was due to cases, which were positive by FISH, but negative by RT-PCR. This is consistent with the lower sensitivity of the latter technique in formalin-fixed paraffinembedded tissue (Table 1) .
Discussion
The stratification of malignant round cell tumors into specific subtypes on the basis of histologic and immunohistochemical findings alone is occasionally ambiguous, especially when the experience includes consultation cases. 21 An expanded panel of immunohistochemical markers is extremely helpful in this diagnostic setting, but nonetheless suffers from variable degrees of insufficient specificities, lack of general availability, and/or technical/interpretive difficulties. [24] [25] [26] [27] [28] [29] [30] [31] Therefore, the development of molecular diagnostic techniques for the detection of relatively unique fusion transcripts present within subtypes of round cell tumors has proven to be a helpful adjunct. However, the reliability of various diagnostic techniques in routine formalin-fixed paraffin-embedded tissue has not been fully explored, especially for those such as the EWS FISH break apart approach, for which DNA probes have only recently become commercially available. Our data suggest that both the fusion and break apart FISH strategies are highly sensitive and specific techniques for the diagnosis of EWS/PNET. Both successfully detected 90% of EWS/PNET cases and there were no false positives, correlating well with the 83% sensitivity recently reported in a recent smaller series. 18 Interestingly, none of the 11 undifferentiated round cell sarcomas from our files were positive, suggesting that, in addition to EWS/ PNET, they are similarly unlikely to be cases of desmoplastic small round cell tumor (EWS-WT1 fusion transcript), clear cell sarcoma (EWS-ATF1 fusion), or extraskeletal mesenchymal chondrosarcoma (EWS-CHN fusion), since the FISH break apart technique should be positive in the majority of these tumor types as well. [32] [33] [34] Nevertheless, the detection by RT-PCR of EWS-WT1 fusion transcripts in two undifferentiated round cell sarcomas and EWS-FLI1 in another is an intriguing observation. It is unclear whether the discordance in these cases is technical in nature or perhaps represents a minor clone of tumor cells that have developed these translocations as a secondary alteration. Small subsets of such tumor cells could be below the diagnostic threshold of FISH, yet still detectable by RT-PCR. Additional studies are clearly needed to further elucidate the nature of such undifferentiated round cell sarcomas, both with and without detectable fusion transcripts by RT-PCR. Currently, we consider 'undifferentiated round cell sarcoma' to be a nonspecific diagnosis of exclusion, utilized when the tumor does not conform to any of the currently well-characterized categories of round cell sarcoma. Rather than a single entity, it likely represents a heterogeneous collection of primitive tumor types that either have yet to be characterized or are currently recognized forms with atypical clinicopathologic and genetic features.
Of the two FISH probe types tested, the break apart probe set was generally easier to interpret and had the additional advantage of accessibility, given that it is commercial rather than 'homemade', as in the case of the FISH fusion probe set. Additionally, one of the difficulties with the fusion probes is that apposition of signals is normally seen in a subset of nuclei, particularly in densely cellular tumors such as the ones examined in the current study. Therefore, a higher cutoff of nuclei with fused signals (30%) was required for the fusion-based FISH strategy than the cutoff for split signals (15%) used for the break apart technique. Lastly, the commercial probes are particularly large (500 and 1100 kb), resulting in enhanced hybridization efficiencies and signal size. In the current study, the FISH break apart yielded interpretable results in 88% compared with 85% for the FISH fusion probes. While this difference is negligible, the difference in ease of use and time needed to score was significant. Since all of the noninformative cases in our series were consults, it is also likely that the decreased success rates are in part due to fixation, processing problems, and/or the age of archived slides. For example, our FISH lab has generated interpretable results in roughly 98% of the last 1400 in-house and consult formalin-fixed paraffin-embedded tumor specimens prospectively analyzed for clinical testing.
Although the two FISH techniques were entirely concordant, a number of discrepancies between FISH and RT-PCR were found, similar to the study by Qian et al. 18 The overall decreased sensitivity of RT-PCR in formalin-fixed paraffin-embedded tumor specimens has been previously reported, although the 54% sensitivity of RT-PCR in the current study was considerably lower than the 90% observed for the two FISH techniques and slightly lower than the 71% figure previously published from our laboratory for prospectively studied round cell neoplasms. 21 It is possible that RNA degradation in paraffin blocks and unstained sections archived for several years accounted for this further decline in sensitivity. In this regard, it is also important to note that our control reaction for amplifiable RNA employed b2-microglobulin, a transcript that is expressed at significantly higher levels than EWS fusion transcripts. It is therefore possible that we overestimated the number of cases that retained intact amplifiable low-abundance transcripts. However, had we used as a control, a transcript expressed at lower levels, it is likely that more tumors would have been classified as noninformative, artificially increasing the overall sensitivity level of this assay. It is also possible that some of the EWS/PNET cases negative by RT-PCR contained EWS-FLI1 exon combinations that produce very long fusion transcripts not efficiently amplified from formalin-fixed paraffin-embedded tissue, although such fusions appear to be rare based on published series. 35 Additionally, the RT-PCR data had lower specificity (85 vs 100%) and lower positive and negative predictive values (78 vs 100% and 65 vs 93%, respectively) than FISH. The explanation for the false positives is not readily appreciable in every case, although a number of possibilities exist. As already discussed, RT-PCR is considerably more sensitive than FISH for detecting rare events. Therefore, for the six cases in this study where FISH was negative and RT-PCR was positive, it is possible that there was only a small population of tumor cells containing the fusion transcript. If this is valid, then the interpretation of such a finding is currently unclear. The most common scenario where this was encountered in this series was the undifferentiated round cell sarcoma category, already discussed. Of the remaining three cases, one was in fact diagnosed as EWS/PNET of soft tissue, although the patient's age of 52 years was a little unusual. Nevertheless, the positive EWS-FLI1 RT-PCR result in this case was consistent in all other respects. Another tumor was a malignant teratoma with a PNET-like component in the deep pelvic soft tissues of a 2-year-old boy. The final example was a spindle cell sarcoma with foci of cellular round cell elements in a 3-yearold boy with a positive EWS-FLI1 RT-PCR result. Conventional karyotyping of this same case revealed a 3p26 deletion and a t(21;22)(q10;q10) translocation, but no evidence of either the classic t(11;22)(q24;q12) associated with EWS-FLI1 or the t(21;22)(q22;q12) associated with the EWS-ERG fusions. Unfortunately, none of the other discordant cases had karyotypes performed for comparison with the molecular data. Lastly, technical problems, such as specimen contamination, could also account for false positive results by RT-PCR. Meticulous handling of specimens and appropriate positive and negative controls should minimize this potential pitfall.
While the FISH break apart method provided some clear advantages, its main disadvantage in comparison to FISH fusion and RT-PCR is that the translocation partner is not identified. In this study, there was perfect concordance between the two FISH techniques, consistent with EWS-FLI1 fusions in all of our positive cases. However, for the variant ETS gene family rearrangements that have been previously reported in approximately 10% of EWS/PNETs (EWS-ERG, EWS-ETV1, EWS-E1AF, and EWS-FEV), the FISH break apart approach would be expected to be positive, whereas the FISH fusion method would not. In contrast to the theoretically higher sensitivity, the potential disadvantage of the FISH break apart approach would be its inability to distinguish EWS/PNET from other tumors that harbor EWS gene rearrangements. With RT-PCR, the decreased sensitivity is off-set by its ability to test for multiple fusion products, thus distinguishing between the various types. Furthermore, there is evidence to suggest that there is additional prognostic information obtained by knowing whether the EWS-FLI1 transcript is type 1 or 2 and this type of information is only available with the RT-PCR method. 36, 37 In the group of round cell sarcomas, the main candidate would be desmoplastic small round cell tumor, although this neoplasm is distinguishable from EWS/PNET in most cases on the basis of immunohistochemical differences. Nonetheless, as exemplified by the undifferentiated round cell sarcoma category in this study, some cases do not fit neatly into a single diagnostic category. Since FISH fusion, FISH break apart, and RT-PCR are all useful and complementary techniques, more than one technique may be needed to clarify the most diagnostically challenging cases.
